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Study Objectives: Sleep continuity is commonly assessed with polysomnographic measures such as sleep efficiency, sleep stage percentages,
and the arousal index. The aim of this study was to examine whether the transition rate between different sleep stages could be used as an index
of sleep continuity to predict self-reported sleep quality independent of other commonly used metrics.

Design and Setting: Analysis of the Sleep Heart Health Study polysomnographic data.

Participants: A community cohort.

Measurements and Results: Sleep recordings on 5,684 participants were deemed to be of sufficient quality to allow visual scoring of NREM and
REM sleep. For each participant, we tabulated the frequency of transitions between wake, NREM sleep, and REM sleep. An overall transition rate
was determined as the number of all transitions per hour sleep. Stage-specific transition rates between wake, NREM sleep, and REM sleep were
also determined. A 5-point Likert scale was used to assess the subjective experience of restless and light sleep the morning after the sleep study.
Multivariable regression models showed that a high overall sleep stage transition rate was associated with restless and light sleep independent of
several covariates including total sleep time, percentages of sleep stages, wake time after sleep onset, and the arousal index. Compared to the
lowest quartile of the overall transition rate (< 7.76 events/h), the odds ratios for restless sleep were 1.27, 1.42, and 1.38, for the second (7.77-10.10
events/h), third (10.11-13.34 events/h), and fourth (= 13.35 events/h) quartiles, respectively. Analysis of stage-specific transition rates showed that
transitions between wake and NREM sleep were also independently associated with restless and light sleep.

Conclusions: Assessing overall and stage-specific transition rates provides a complementary approach for assessing sleep continuity. Incorporat-

ing such measures, along with conventional metrics, could yield useful insights into the significance of sleep continuity for clinical outcomes.
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IT IS BECOMING INCREASING EVIDENT THAT, IN
ADDITION TO SLEEP DURATION, CONTINUITY OF
SLEEP IS ESSENTIAL FOR ITS RESTORATIVE VALUE."?
Empirical evidence garnered over the last decade suggests that
sleep disruption and poor sleep quality, even in the absence of
sleep loss, can increase daytime sleep tendency, decrease psy-
chomotor performance, cause deficits in attention and memory,
and impair glucose homeostasis.*” In fact, fragmented sleep is
a cardinal feature of several sleep related disorders such as ob-
structive sleep apnea and may independently contribute to the
pathogenesis of associated adverse sequelae.

In clinical practice and research, continuity of sleep is com-
monly assessed with polysomnographic measures such as the
arousal index, sleep efficiency, sleep stage percentages, and
wake time after sleep onset. While these metrics can provide
useful insights on sleep architecture, each has its inherent limi-
tations. For example, sleep stage percentages, while useful as
global measures, provide little information on sleep micro-ar-
chitecture and account for only a fraction of the total variance in
clinical outcomes.® Seminal work conducted over three decades
ago by Bacekeland et al.” showed that the frequency of nocturnal
awakenings and the duration of wakefulness are, in fact, better
predictors of feeling rested upon awakening than the amount
of slow wave or REM sleep. These findings have been subse-
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quently confirmed in studies of experimental sleep disruption
which have also shown that sleep stage summaries are not well
correlated with impairments in performance or the degree of
daytime sleepiness. '’

Assessing the frequency of electroencephalographic (EEG)
arousals, which does provide information on sleep micro-archi-
tecture has become common practice but is not without signifi-
cant challenges. Scoring of EEG arousals is a tedious process
and without rigorous training is fraught with considerable in-
ter- and intra-rater variability.® Moreover, a number of studies
have found that the arousal index is modestly correlated with
impairments in daytime function."" Several complementary and
potentially more sensitive approaches for characterizing sleep
continuity have been proposed including quantifying autonom-
ic events, assessing cyclic alternating pattern in the EEG, and
using cardiopulmonary coupling as an index of sleep state in-
stability.'>!* Although research on the utility of these measures
in predicting health consequences is steadily growing, empiri-
cal evidence on their validity is currently limited.

In addition to some of the polysomnographic measures high-
lighted above, the number'* and the rate'>'® of transitions be-
tween various sleep stages has also been proposed as a metric
of sleep quality. Although still somewhat crude, sleep stage
transition data can be readily derived from the conventional
hypnogram. To date, a number of studies have examined the
utility of the sleep stage transitions in the clinical and research
arena using the number,' rate,'>!® or the time between transi-
tions'”* as a metric of sleep quality. A consistent observation
across these studies has been the significant correlation with
other measures of sleep discontinuity such as the frequency of
EEG arousals. Thus, it remains to be determined whether sleep
stage transition rates, independent of the conventional measures
of sleep architecture, can predict daytime outcomes. The pri-
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mary aim of this study was to determine whether stage-specific
and overall transition rates derived from the sleep hypnogram
can offer additional information regarding daytime measures
beyond that provided by conventional metrics. To achieve this
goal, data from the community-based Sleep Heart Health Study
were utilized to determine the utility of various stage-specific
transition rates in predicting the subjective experience of sleep
quality the morning after the sleep study. It was hypothesized
that, independent of the measures such as sleep stage percent-
ages, the arousal index, and wake time after sleep onset, sleep
stage transition rates would predict the subjective experience of
poor sleep quality.

METHODS

Study Sample

The sample for the current study consisted of the baseline
cohort of the Sleep Heart Health Study, a multi-center longi-
tudinal study on the cardiovascular consequences of obstruc-
tive sleep apnea. Participants for the study were drawn from
existing epidemiologic cohorts including The Framingham
Offspring and Omni Cohort Studies, The Atherosclerosis Risk
in Communities Study, The Cardiovascular Health Study, The
Strong Heart Study, The Tucson Epidemiologic Study of Re-
spiratory Disease, and The New York city studies on hyperten-
sion which included the New York Hospital cohort, the Harlem
cohort, and the Work Site cohort. Details regarding the design
and methodology for recruiting and characterizing the sample
have been previously described.?* Eligible participants were
> 40 years of age and were not being treated for obstructive
sleep apnea with positive pressure therapy, oral appliance, oxy-
gen, or tracheostomy. A total of 6,441 participants completed
the baseline examination and constitute the study cohort. All
participants were required to provide written consent and the
protocol was approved by the institutional review board of each
of the investigative sites.

Polysomnography and Assessment of Subjective Sleep Quality

In-home sleep studies were conducted on the cohort by
trained technicians using a portable monitor (Compumedics P-
series, Compumedics Ltd., Abbotsville, Australia). The record-
ing montage consisted of continuous recordings of the following
physiologic channels: C,-A, and C,-A, electro-encephalogram
(EEG), right and left electro-oculogram (EOG), a single bipolar
electrocardiogram (ECQG), chin electromyogram (EMG), oxy-
hemoglobin saturation by pulse oximetry, chest and abdominal
excursion by inductance plethysmography, airflow by an oro-
nasal thermocouple, and body position by a mercury gauge.”
Recordings were stored in real time and were then shipped to a
central reading center for review and scoring.

Sleep recordings were reviewed for study quality by the cen-
tral reading center and only those studies of sufficient quality?
that allowed for visual scoring of sleep stages (wake, stage 1,
stage 2, slow wave, and REM sleep) were included in the cur-
rent analysis (N = 5,684). Sleep stage scoring was performed by
trained technicians according to standard criteria.”® EEG arous-
als were identified as abrupt shifts > 3-sec duration in EEG
frequency. In REM sleep, scoring of arousals also required
concurrent increases in EMG amplitude. The arousal index was
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defined as the average number of arousals per hour of sleep.
An overall transition rate, defined as the number of sleep stage
transitions per hour of sleep between wake, NREM sleep, and
REM sleep, was derived for each participant and used as a mea-
sure of sleep continuity. The overall transition rate was divided
into stage-specific rates for each of the 6 possible transitions.
These included wake-to-NREM (WN), NREM-to-wake (NW),
NREM-to-REM (NR), REM-to-NREM (RN), REM-to-wake
(RW), and wake-to-REM (WR) transitions.

The morning after the sleep study, each participant complet-
ed a questionnaire which included the assessments on subjec-
tive sleep quality using two 5-point Likert scales in response
to the following question: “My sleep last night was?” On the
first scale, responses ranged from “1” light to “5” deep. On the
second scale, responses ranged from “1” restless to “5” restful.
These two variables constituted the dependent variables for the
current study as outlined below.

Statistical Analysis

The Pearson product moment correlation was used to as-
sess the correlation between different stage-specific transitions.
Analysis of variance and y* statistics were used to assess dif-
ferences in demographic and sleep parameters by quartile of
overall transition rate. Because the two dependent variables
were ordinal with a score range from 1 to 5, generalized linear
models for categorical data?” were used to model the odds for
self-reported restless and light sleep as a function of the over-
all transition rate while accounting for other measures of sleep
architecture (e.g., sleep stage percentages, arousal index) and
covariates such as age, sex, race, and body mass index. Initially,
analyses were conducted for each of the two categorical vari-
ables using the polytomous logistic regression model to char-
acterize the association between transition rates and the ordinal
score for restless and light sleep. For a dependent variable with
5 levels, the polytomous model gives 4 equations with 4 cor-
responding coefficients for each category and covariate com-
bination. Although the polytomous model offers the advantage
of simultaneously examining the effect of transition rates on
all response categories, the technique generates a cumbersome
set of parameter estimates. Thus, to simplify exposition, the
scale for each response was collapsed to create a dichotomous
variable (1 versus 0) as follows. Responses of “1” or “2” on
each scale were coded as a 1 to indicate restless and light sleep,
whereas responses of “3,” “4,” or “5” were coded as a 0 to indi-
cate restful and deep sleep. Binary logistic regression was then
used to model the association between transition rates and the 2
dichotomized scales. Because the findings were materially in-
different whether the subjective scores were modeled as poly-
tomous or dichotomous variables, results from the dichotomous
analysis are presented for ease of interpretation. Nonetheless,
the odds ratios from the polytomous model are provided for the
stage-specific transition rates (see appendix, available online
only at www.journalsleep.org). Transition rates between wake,
NREM sleep, and REM sleep were categorized into quartiles,
and the odds ratios for restless and light sleep were determined
comparing the 4" quartile to the other 3 quartiles. To assess
nonlinear dose-response associations between transition rates
and reports of restless and light sleep, flexible multivariable re-
gression splines were used.?® Finally, sensitivity analyses were
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conducted based on a randomly selected subset
of the study sample using 50% of the observa-
tions to confirm that the observed associations
were unbiased and provided results similar to the
entire study sample. All analyses were conducted
using the SAS 9.0 software package.

RESULTS

The study sample included 5,684 partici-
pants with 3,002 women (52.8%) and 2,682 men
(47.2%). Combining all 6 types of sleep stage
transitions, the median overall transition rate
for the sample was 10.11 events/h (interquartile
range [IQR]: 7.76-13.35). Transitions between
NREM sleep and wake (i.e., NW and WN tran-
sitions) were the most common, accounting for
approximately 70% of all sleep stage transitions.
The least common transition was from wake to
REM sleep (WR), with a median rate of 0.21
events/h. A high degree of correlation was not-
ed between reciprocal transitions (e.g., WN and
NW) with weak or no correlations between non-
reciprocal transitions (Table 1).

Demographic correlates of a high overall sleep
stage transition rate included age, male sex, and
race (Table 2). In addition, the arousal index,
percentages of NREM and REM sleep, and total
sleep time were also associated with a high over-
all transition rate (Table 2). Restless and light
sleep were reported by 1,894 (33.3%) and 1,493
(26.3%) of the study participants, respectively,
and were also more prevalent in those with a high
overall transition rate. Compared to participants
without restless sleep, those with restless sleep
had higher rates for WN (4.18 vs. 4.70 events/h;
P < 0.0001) and NW (3.75 vs. 4.27 events/h;
P < 0.0001) transitions. Similarly, compared to
participants without light sleep, those with light
sleep had had higher rates for WN (4.16 vs. 4.90
events/h; P < 0.0001) and NW (3.72 vs. 4.47
events/h; P < 0.0001) transitions. Additional
bivariate analyses between the categorical re-
sponses for restless and light sleep and various
parameters of sleep architecture showed that the
rate of transitioning between wake and NREM
sleep, the arousal index, and wake time after
sleep onset were the only three parameters that
were correlated with the subjective experience of
restless and light sleep (data not shown). Finally,
because EEG arousals are often associated with
sleep stage shifts, the overall transition index was
correlated with the arousal index (r = 0.50; 95%
CI: 0.48 to 0.52) and wake time after sleep onset
(r=0.49; 95% CI: 0.47 to 0.51).

Logistic regression models were then de-
veloped to examine the independent correlates
of restless and light sleep. Three nested mod-
els were used to assess incremental effects of

different covariates on the association between stage-spe-
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Table 1—Pearson correlations [95% confidence intervals] between different stage-specific

transition rates

T"“T"y5£°" WN NW NR
WN 1.00 .
0.988
NW 100870089 "0 -
0011 0076
NR 00150037 [0.101,-0050] "0
aN 0175 20,154 0.717
[-0.200, -0.149] [-0.179, -0.128] [0.704, 0.730]
- 0.282 0.182 0.347
[0.257,0.306] [0.157, 0.207]
WR 0222 0.191 0.068
[0.197,0.247] [0.165, 0.215]

RN

1.00

-0.171
[0.324, 0.370] [-0.196, -0.146]

-0.118

RW

1.00

0.861

[0.042, 0.094] [-0.143,-0.092] [0.854, 0.868]

WN refers to wake-to-NREM; NW, NREM-to-wake; NR, NREM-to-REM; RN, REM-to-NREM;
RW, REM-to-wake; WR, wake-to-REM.

Table 2—Study sample characteristics by quartile of overall sleep stage transition rate

Variable
Age, years
Body mass index, kg/m?
Sex, %
Women
Men
Race,%
White
African American
Native American
Hispanic
Other
Apnea-hypopnea index, events/h
Arousal index, events/h
Total sleep time, minutes
Wake after sleep onset, minutes
Sleep efficiency, %
Sleep architecture
Stage 1 sleep, %
Stage 2 sleep, %
Slow wave sleep, %
REM sleep, %
Restless sleep, %
Light sleep, %

Quartile of overall transition rate (events/h)

<17.76
615 (1.1
28.6 (5.6)

31.9
17.3

2.9
2.1
24.7
314
23 8
9(10.7
13 5(7.7)
378.0 (63.
38.5 (33.
86.2 (8.7)

7.77-10.10 10.11-13.34 21335
) 61.3(10.8) 62.6(105) 655 (10.3)
283 (54) 284(5.3) 28.5(4.9)
279 246 15.7
2138 255 355
246 257 2438
238 236 28.6
25.9 216 278
300 238 14.8
313 200 25.0
) 72(1.2) 82(112) 122(143)
170(8 6) 197(9 ) 262(11.7)
0) 372.3(60.0) 361.4 (56.4) 327.9 (66.8)
7) 51.0(36.7) 64.4(39.2) 92.8(49.7)
840(87) 81.1(87) 746(112)
45(28) 57(34) 84(52)
) 56.3(11.3) 571(1 4) 602(114)
) 187(114) 17.1(115) 135(109)
205(59) 20.1(58) 17.6(6.6)
238 275 30.0
2138 275 329

P < 0.0001 for comparisons of age, sex, apnea-hypopnea index, arousal index, total sleep
time, wake after sleep onset, sleep efficiency, stage 1 sleep, stage 2 sleep, slow wave sleep,
and REM sleep across quartiles of overall transition rate using %? and analysis of variance
to compare categorical and continuous variables, respectively. Values reported are means

(standard deviations) or percentages.

1683

cific transition rates and reports of restless and light sleep
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Table 3—Odds ratios [95% confidence intervals] for the association between sleep stage transition rates and R“:l) Werel.aiio?ateq with d.elt?e;

self-reported restless and light sleep res e.ss orlight sieep In unadjuste

) or adjusted analyses.

Q,vs.Q,, Restlass Sleap Light Sleep To assess whether the overall
Transition  Cutoff point Model 12 Model 2°  Model 3° Model 12 Model 2°  Model 3¢ transition rate, which combines all
WN 523 eventsh  1.90 143 1.21 1.97 1.46 1.20 6 stage-specific transitions, was
[167,2.17] [1.24,1.66] [1.03,1.41] [1.72,2.26] [1.25,1.70] [1.02,1.42] | associated with restless and light
NW 474eventsh  1.89 1.40 1.18 1.98 1.44 1.19 sleep, several multivariable models
[1.66,2.15] [1.21,1.63] [1.01,1.38] [1.73,2.27] [1.24,1.68] [1.01,140] | Were developed. Table 4 shows the
adjusted odds ratios for quartiles of

NR 1.32eventshh  0.97 0.98 0.97 0.94 0.95 0.94 the overall transition rate from mul-
[0.85,1.10] [0.86,1.12] [0.85,1.11] [0.81,1.08] [0.83,1.10] [0.81,1.08] | ;i iable models that also included
RN 0.69 eventsh 097 1.04 1.05 0.91 0.98 0.98 concurrent adjustments for total
[0.85,1.10] [0.91,1.19] [0.92,1.20] [0.79, 1.05] [0.85,1.14] [0.85,1.14] | sleep time, sleep stage percentages,

ke ti fter sl t th
RW 129 eventsh  1.01 096 0.89 1.04 1.02 093 el i an t’ha“d L
[0.89, 1.15] [0.83,1.10] [0.77,1.02] [0.90,1.19] [0.88, 1.18] [0.81,1.08] | @arousalindex.Asnoted in the anal-

yses of stage-specific transitions,

WR 0.58 events/h 0.87 0.86 0.79 0.92 0.93 0.85 the overall transition rate was in-
[0.76,099] [0.75,098] [0.69,091] [0.80,1.05] [0.80, 1.08] [0.74,0.99] | dependently correlated with the ex-

perience of restless and light sleep.
aModel 1: Adjusted for age, sex, race, and body mass index. Polynomial regression  splines
®Model 2: Adjusted for age, sex, race, body mass Iindex, total sleep t.ime, and sleep stage percentages. . (Figure 1) that flexibly depict the
“Model 3: Adjusted for age, sex, race, body mass index, total sleep time, sleep stage percentages, wake time association between the overall

after sleep onset, and the arousal index. .. .

transition rate and restless and light

Table 4—Multivariable odds ratios* [95% confidence intervals] for the
association between overall sleep stage transition rate and self-reported
restless and light sleep

Quartile
Variable (events/h) Restless Sleep  Light Sleep
Overall <7.76 1.00 [Reference] 1.00 [Reference]
Transition 7.77-10.10  1.27[1.07,1.50] 1.16[0.96, 1.40]
Rate 10.11-13.34  1.42[1.20,1.70] 1.41[1.17,1.71]
>13.35 1.38[1.12,1.69] 1.44[1.16,1.79]

*Adjusted for age, sex, race, body mass index, total sleep time, sleep
stage percentages, wake time after sleep onset, and the arousal index.

(Table 3). The base model included age, sex, race, and body
mass index as covariates. The second model added total sleep
time and percentage of sleep stages to the base model. The
third model added the arousal index and wake time after sleep
onset in addition to the covariates of the second model. Sleep
efficiency was not added as a covariate given the high correla-
tion (r = -0.83; 95% CI: -0.82 to -0.84) with wake time after
sleep onset, which was included in all multivariable models.
In each of the final models presented, the highest quartile of
stage-specific transition index was compared to the lower 3
quartiles. These analyses showed that despite adjustments for
several covariates, including multiple collinear variables of
sleep quality (i.e., the arousal index, wake after sleep onset,
and percentage of various sleep stages), the WN and NW tran-
sition rates were independently associated with higher odds
for restless and light sleep. Interestingly, the WR transition
rate was inversely associated with restless sleep and reached
borderline statistical significance with light sleep. In contrast,
none of the other stage-specific transitions (i.e., NR, RN, and
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sleep showed that the propensity
(i.e., log odds) for restless and light sleep increased linearly
with the overall transition rate but then reached a plateau as the
sleep stage transition rate exceeded approximately 12 events/h.

DISCUSSION

The primary objective of this study was to assess the extent
to which sleep stage transitions could be used to characterize
the degree of sleep disruption above and beyond conventional
polysomnographic measures of sleep. Using data from a large
community-based cohort study with overnight polysomnogra-
phy, our results demonstrate that sleep stage transitions are pre-
dictive of the subjective experience of impaired sleep quality.
Specifically, overall and stage-specific transition rates were as-
sociated with self-reported restless and light sleep independent
of factors including age, sex, race, body mass index, and a wide
repertoire of conventional sleep related metrics. Collectively,
the results of this study indicate that sleep stage transition rates
are useful in predicting specific outcomes and thus provide ad-
ditional information about sleep continuity.

A number of studies have previously shown that informa-
tion on transitions from one sleep stage to another, including
wakefulness, may offer a convenient approach for assessing
sleep continuity.'>** Data from the sleep hypnogram can be par-
titioned in two components: (1) the duration of a sleep stage
prior to a transition, and (2) the number of different sleep stage
transitions. Previous studies on adult®?? and pediatric samples®
have shown that modeling the duration of contiguous sleeps
stages, as a measure of sleep continuity, can reveal substantial
differences that are not evident when comparing classical mea-
sures of sleep architecture, such as the sleep stage percentages
and the arousal index between those with and without obstruc-
tive sleep apnea. Moreover, studies that have examined sleep
stage transition rates have similarly concluded that these rates
are useful in differentiating patient subgroups and in predicting
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clinical outcomes.'>'*?* The current study advances the existing
literature by presenting a critical analysis of the potential role of
sleep stage transitions on subjective sleep quality independent
of the effects explained by commonly used metrics. Collec-
tively, the available body of empirical evidence indicates that
an accurate appraisal of sleep architecture should utilize com-
plementary measures that depict micro and macro level infor-
mation regarding sleep continuity. A major implication of the
findings reported here is that the subjective experience of feel-
ing rested in the morning is likely determined by several core
components including sleep duration, transient EEG arousals
that not associated with a sleep stage shift, and the rate of sleep
stage transitions. Our findings also raise the issue of whether
arousals, as indexed by the presence or absence of a concurrent
stage shift, can have differential effects on clinical outcomes.
Additional research is certainly needed to better define the full
spectrum of arousals and how physiological characteristics of
an arousal (e.g., absence or presence of a stage shift) can influ-
ence the recuperative and restorative value of sleep.
Evaluating whether a metric of sleep stage transitions pro-
vides a valid measure of sleep continuity requires the consider-
ation of whether it actually measures what it purports. Certainly,
the data herein show that stage transition rates have criterion
validity, as they were able to independently predict the subjec-
tive experience of sleep quality on the following morning. The
replication of the association between sleep stage transition
rates and other clinical outcomes such as incident hypertension,
cardiovascular disease, and possibly mortality will further vali-
date their utility and represents a logical extension of this line
of research. It is interesting to note that, of the six stage-specific
transition types, the reciprocal WN-NW transition pair had the
strongest association with poor self-reported sleep quality fol-
lowed by the WR-RN pair. In contrast no significant effect of
the NR-RN transition pair on sleep quality was observed. These
results are not surprising given that alternation of NREM sleep
with REM sleep across the night is a fundamental characteristic
of normal sleep in all homeothermic species. Although remark-
able progress has been made in our understanding of the neural
circuitry that regulates NREM and REM sleep,***! the function-
al significance of the NREM-REM oscillation remains a mys-
tery. Nonetheless, it is important to recognize that while cycling
between NREM-REM sleep is part of normal sleep and may
have an essential role, excessive oscillations between NREM
and REM sleep, as in severe obstructive sleep apnea, may have
untoward effects on daytime function. Given that the reciprocal
NR and RN transitions were infrequent in our study sample,
isolating the implications of these transitions was not possible.
There are several important limitations of this study that
merit discussion. First, sleep was classified as NREM and REM
and not further subdivided into distinct stages of NREM sleep.
Thus, transitions between individual NREM stages were not
included. Our decision to collapse all of NREM sleep into one
state was driven by the greater reliability of scoring NREM
sleep* than its individual components and by the need to ini-
tially assess the utility of a limited number of transitions. Incor-
porating all of the NREM sleep stages (i.e., 1, 2, and slow wave
sleep) along with REM sleep and wake would have generated
a total of 20 different transitions types and substantially in-
creased the complexity of our results. Second, criterion validity
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Figure 1—Multivariable adjusted log (odds) of restless (upper panel) and
light sleep (lower panel) as a function of overall sleep stage transition
index.

for sleep stage transition rates was assessed using self-reported
sleep quality, which is certainly predisposed to measurement
error due to recall bias. However, because sleep quality was
assessed immediately after the sleep study, the potential of such
bias is limited. Third, the determination of overall transition
index, which collapses all of the stage-specific transitions, is
based on the premise that each type of transition contributes
equally to overall sleep quality. Analyses by stage-specific tran-
sitions show that transitions between NREM sleep and wake
are most common and predict poor sleep quality, whereas the
WR transition predicts better sleep quality. Thus, while it is
certainly useful to examine stage-specific transitions, using the
overall transition rate provides a simple and single measure for
characterizing sleep-state instability. Finally, it is important to
recognize that, despite rigorous training and centralized scor-
ing of the polysomnograms in the Sleep Heart Health Study,
differences in the reliability of scoring EEG arousals and sleep
stages may have contributed to the findings reported herein.*
Because EEG arousals had more inter-scorer variability (intra-
class correlation coefficient 0.54) than scoring NREM or REM
sleep (x statistics: 0.87-0.90), it is certainly possible that the
independent association between sleep stage transition rates
and subjective sleep quality is attributable to this difference in
reliability. These limitations notwithstanding, the current study
also has several strengths. These include the use of a large com-
munity cohort that was systematically characterized with over-
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night polysomnography and the inclusion of several covariates
to account for potential confounding. Perhaps the most impor-
tant strength of this study is the examination of the associa-
tion between sleep stage transition rates and self-reported sleep
quality independent of commonly used measures of sleep qual-
ity including, sleep stage percentages, frequency of EEG arous-
als, total sleep time, and wake time after sleep onset.

In summary, the results of this study demonstrate that sleep
stage transition rates provide a useful measure which can pre-
dict the subjective experience of sleep quality independent of
conventional measures of sleep architecture. Fragmented sleep
is less restorative than consolidated sleep and may also have
long-term clinical effects. Our ability to identify the health ef-
fects of disrupted sleep will require that we employ a repertoire
of metrics to fully capture the micro and macro-level infor-
mation on sleep architecture. Because sleep stages are readily
available, assessing transition rates will only enhance our abil-
ity to define the role of sleep continuity in health and disease.
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APPENDIX

The Multinomial Approach to Modeling Sleep Stage
Transitions

The polytomous logistic regression model is an
extension of the binomial logistic regression model
which accommodates multinomial responses. The
polytomous model does not impose any restrictions on
the ordinality of the response variable. The model is
represented as follows:

exp(a. +x'[.
Pr(Y=y, %)= kp(, B)

D exp(a; +x'B;)

=12,k

where ¢, = 0 and g, = 0. The. vector f = B> By
B,)’ corresponds to the regression coefficients for the
log-odds of (Y = y)) relative to the reference category
(Y = y,), and there are (k-1) intercept parameters o
Exponentiating the regression coefficient b, for the
[™ covariate x, will results in the odds ratio comparing
(Y= yj) versus (Y = y,) for a unit increase in x,. The two
response scales were as follows:

Restless Sleep 12 3 45 Restful Sleep
Light Sleep 12345 Deep Sleep

Using “5” as the reference category, the polyto-
mous model yields four odds ratios corresponding to
each of the other response categories (1, 2, 3, and 4)
as compared to the reference category for a particu-
lar covariate (e.g., transition rate). For the association
between WN transition rates and self-reported sleep
quality, these odds ratios estimate the effect of a high
(4™ quartile) versus low (quartiles 1-3) transition rate
on the probability of a “1,” “2,” “3,” or “4,” response
versus a “5” response. Table S1 describes the odds
ratios for each of the 6 stage-specific transition rates
derived from the multivariable adjusted polytomous
logistic model for the restless and light sleep variables.
As noted with the analyses of the dichotomous scales,
WN and NW transitions were strongly predictive of
restless and light sleep quality. However, to simplify
exposition, the effect of each stage-specific transition
rate is expressed by a single odds ratio in our reported
analysis from the dichotomized outcome instead of 4
odds ratios from the polytomous model.

SLEEP, Vol. 33, No. 12, 2010

Table $1—0dds ratios [95% confidence intervals] for the association between sleep
stage transition rates, self-reported restless and light sleep using the polytomous

multivariable* logistic regression model

Q,vs.Q,, Restless Sleep Light Sleep
Transition Cutoff point Response  Odds Ratio Response Odds Ratio
(Restful) (Deep)

WN 5.23 events/h 5 Reference 5 Reference
4 1.09 [0.94, 1.25] 4 1.13[0.97, 1.32]
3 1.15[1.00, 1.31] 3 1.22[1.05, 1.41]
2 1.19[1.04, 1.38] 2 1.23[1.05, 1.44]
1 1.26 [1.07, 1.47] 1 1.40[1.17,1.67]

(Restless) (Light)

NW 4.74 events/h 5 Reference 5 Reference
4 1.05[0.92, 1.21] 4 1.1310.97, 1.32]
3 1.11[0.97, 1.27] 3 1.23[1.06, 1.42]
2 1.16[1.01, 1.33] 2 1.23[1.05, 1.44]
1 1.20[1.03, 1.41] 1 1.60[1.17, 1.67]

NR 1.32 events/h 5 Reference 5 Reference
4 0.96[0.86, 1.07] 4 0.9510.85, 1.07]
3 0.9910.90, 1.10] 3 0.9410.84, 1.04]
2 0.9510.85, 1.06] 2 0.9010.80, 1.02]
1 1.00[0.88, 1.14] 1 0.96[0.83, 1.11]

RN 0.69 events/h 5 Reference 5 Reference
4 0.97[0.87,1.07] 4 0.94 [0.84, 1.05]
3 0.92[0.83,1.02] 3 0.90 [0.81, 1.00]
2 0.96 [0.86, 1.07] 2 0.91[0.80, 1.02]
1 1.00[0.88, 1.14] 1 0.94 [0.82, 1.09]

RW 1.29 events/h 5 Reference 5 Reference
4 0.99[0.88,1.12] 4 1.03[0.91, 1.17]
3 1.0310.92, 1.16] 3 1.0410.93, 1.18]
2 0.94[0.83, 1.06] 2 1.0210.90, 1.17]
1 0.99[0.87,1.14] 1 0.96 [0.82, 1.12]

WR 0.58 events/h 5 Reference 5 Reference
4 1.06 [0.94, 1.18] 4 1.03[0.91, 1.16]
3 1.03[0.93, 1.16] 3 1.03[0.92, 1.15]
2 0.9310.83, 1.05] 2 0.96[0.84, 1.09]
1 0.9110.79, 1.05] 1 0.9210.79, 1.08]

*Adjusted for age, sex, race, body mass index, total sleep time, sleep stage percentages,

wake time after sleep onset, and the arousal index.
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